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(57) ABSTRACT

A linear sensor array for imaging coded indicia includes an
analog front end and a digital back end integrated on a single
CMOS chip. A real-time, correlated double sampling circuit
1s used for noise suppression.
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SINGLE CHIP, NOISE-RESISTANT,
ONE-DIMENSIONAL, CMOS SENSOR FOR
TARGET IMAGING

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention generally relates to electro-optical
readers for reading indicia such as bar code symbols and,
more particularly, to a noise-resistant, imaging sensor fabri-
cated on a single semiconductor chip as a linear array and
operative for imaging one-dimensional symbols.

2. Description of the Related Art

Both charge-coupled device (CCD) and complementary
metal-oxide semiconductor (CMOS) 1image sensors are used
in digital cameras for imaging a target. Each such two-dimen-
sional, solid-state sensor has a multitude or array of cells or
pixels for converting incident light into electrons. In a CCD
sensor, an accumulated charge of each cell 1s transported
across, and read out of, the array. In a CMOS sensor, one
transistor or several transistors at each pixel amplity and
move the charge using traditional wires. CCD sensors have
excellent light sensitivity and produce high quality images,
whereas CMOS sensors have lower sensitivity, but are much
less expensive to manufacture and have an extended battery
life.

Targets, such as optical codes, typically one- or two-di-
mensional bar code symbols, can also be electro-optically
read by readers using a solid-state CCD sensor. A conven-
tional linear or one-dimensional sensor array using CCD
technology requires a non-standard fabrication process and
the use of multiple, semiconductor chips, for example, one
chip for an analog front end, another chip for a digital back
end, still another chip for a timing and control circuit, still an
additional chip for noise suppression, etc. The use of several
support chips results in more total power consumption and a
large, overall size for the CCD sensor. These aspects tend to
detract from using a CCD sensor 1n a bar code symbol reader,
especially a handheld, portable reader where size and power
consumption are desired to be minimized.

SUMMARY OF THE INVENTION

OBJECTS OF THE INVENTION

Accordingly, 1t 1s a general object of this invention to
reduce power consumption, and to reduce cost and size, of an
image sensor for use in an electro-optical reader for reading
one-dimensional bar code symbols.

More particularly, 1t 1s an object of the present invention to
use a CMOS sensor that 1s fabricated by standard CMOS
fabrication techniques.

Still another object of the present invention 1s to fabricate
the CMOS sensor and all support image capture and process-
ing circuitry on a single semiconductor chip.

It 1s yet another object of the present invention to render
handheld readers less susceptible to short battery lifetimes
and bulkiness.

A still further object of the present invention is to suppress
clectrical noise generated when all the support circuitries are
integrated on a single CMOS-based chip.

FEATURES OF THE INVENTION

In keeping with the above objects and others which will
become apparent hereinaiter, one feature of the present inven-
tion resides, briefly stated, 1n a system for imaging a target
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such as a one-dimensional symbol, the system comprising a
single, solid-state, complementary metal-oxide semiconduc-
tor (CMOS) chip, an analog front end integrated on the single
chip, and a digital back end integrated on the same chip. The
front end includes a linear array of cells or pixels, each pixel
having a photodiode for converting incident light into an
clectrical analog signal, and an analog-to-digital converter
(ADC) for each photodiode and operative for converting the
analog signal to an electrical digital signal. The digital back
end includes a digital processor for processing the digital
signal into a digitized output signal having information
related to the imaged symbol. The digital back end can pro-
duce a raw 1mage of the target, or can determine the informa-
tion encoded in the target.

The use of CMOS technology allows integration of the
analog front end, the digital back end, as well as other circuits,
as described below, and achieves the advantages of reduced
overall system size and cost, faster read-out speed of the
information, and lower power consumption. However, these
advantages come at the expense of high system noise and is a
primary factor as to why CMOS technology has not hereto-
fore been used for imaging symbols, especially bar code
symbols. The overall system noise can come from a myriad of
sources, such as white noise, dark current and fixed-pattern
noise, all of which are inherent in the choice of sensor, as well
as device electronic noise generated within electrical compo-
nents and includes thermal noise generated by random ther-
mally imnduced electron motion and flicker noise caused by
crystal manufacturing defects and contaminants in the elec-
trical components, interference noise generated from the
environment and includes supply voltage noise, cross-talk
noise and substrate noise, especially that caused by coupling
between the analog front end and the digital back end, reset
noise (also called KTC noise which 1s caused by the thermo-
dynamic uncertainty of the number of charges on a capacitor)
generated during resetting of the sensors and shot noise asso-
ciated with the random arrival of photons at any sensor. The
fixed-pattern noise 1s caused by system variations and non-
uniformities 1n the pixels.

In accordance with this ivention, each pixel has noise
suppression circuitry including means for pulsing a respec-
tive photodiode to convert the incident light to the analog
signal during an exposure time period, and a sample-and-hold
circuit for sampling the analog signal after the exposure time
period has begun to generate a reference signal, and for again
sampling the analog signal before the exposure time period
has ended to generate a data signal.

A clock s integrated on the single chip and generates clock
cycles during system operation. The sample-and-hold circuit
preferably generates the reference signal one clock cycle, or
virtually immediately, after the exposure time period has
begun. Thus, the reference signal 1s essentially all noise since
the photodiode has not yet had enough time to capture the
symbol. The sample-and-hold circuit preferably generates
the data signal one clock cycle, or virtually immediately,
before the exposure time period has ended. Thus, the data
signal has had enough time to capture the symbol, as well as
the noise. As explained below, the data and reference signals
are subtracted 1n a subtractor also integrated on the single chip
in order to obtain the noise-suppressed, digitized output sig-
nal.

Other means for suppressing noise include the selection
and design of a photodiode to have high quantum efliciency
and low dark current, the placement of a high gain amplifier in
cach pixel immediately after the photodiode, and the use of an
ADC for each photodiode so as to convert the analog signal to
the digital signal as early as possible in the signal processing.
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The novel features which are considered as characteristic
of the invention are set forth 1n particular 1n the appended
claims. The 1invention itself, however, both as to 1ts construc-
tion and its method of operation, together with additional
objects and advantages thereof, will be best understood from
the following description of specific embodiments when read
in connection with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a block diagram of a chip having electrical cir-
cuitry 1 accordance with this invention;

FIG. 2 1s an electrical circuit depicting an analog front end
of the circuitry of FIG. 1;

FI1G. 3 are wavelorms for describing the operation of noise
suppression components 1n the circuit of FIG. 2;

FIG. 4 1s a block diagram depicting an analog to digital
converter for use 1n the circuitry of FIG. 1; and

FIG. 5 1s an electrical circuit depicting the comparator of
FIG. 4.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Referring to FI1G. 1, reference numeral 10 generally 1den-
tifies a single, solid-state, complementary metal-oxide semi-
conductor (CMOS) chip having an analog front end 12 and a
digital back end 14, both the front and back ends being inte-
grated on the same, single CMOS chip 10. The chip 1s used for
imaging a target, especially a one-dimensional coded symbol
such as a Universal Product Code (UPC) symbol.

The front end 12 includes a linear array of pixels, prefer-
ably 512 to 4096 pixels 1n all. Each pixel includes a photo-
diode 16, a sample-and-hold (S/H) circuit 18, a high gain
amplifier 20, and an analog-to-digital converter (ADC) 22
which are shown 1n detail 1n FIG. 2. All the other components
in FIG. 1 are part of the digital back end.

The photodiode 16 converts incident light into an electrical
analog signal. The photodiode has a lower white noise, dark
current and fixed-pattern noise as compared to a phototrans-
istor. The photodiode generally has a width between 4 um and
8 um, and a height 1 to 16 times the width. The photodiode
generates a photocurrent and collects a charge over an 1nte-
gration time, the charge being converted to a voltage by a
capacitor C, which represents the self-capacitance of the
photodiode plus any connected components. The photodiode
1s reset and pulsed so as to receive incident light over an
exposure time period (see FIG. 3).

The photocurrent 1s amplified by a feedback charge ampli-
fier 20 having three stacked transistors and a feedback capaci-
tor C,. arranged 1n an operational amplifier configuration. A
reset switch 24 1s connected 1n parallel with the feedback
capacitor. A MOSFFET hold switch 26 1s connected 1n series
with the feedback capacitor. A hold capacitor C,, 1s connected
in series between the hold switch 26 and the ADC 22. The
hold switch 26 and the hold capacitor constitute a sample-
and-hold circuit for noise suppression prior to conducting the
analog signal to the ADC for digital conversion.

As can be seen with the aid of FIG. 3, the sample-and-hold
circuit operates as follows: A reset pulse having high and low
states 1s applied to reset switch 24. An mverted reset pulse 1s
applied to the photodiode through a capacitor. A hold pulse
having high and low states 1s applied to one side of the hold
switch 26. An inverted hold pulse 1s applied to the opposite
side of the hold switch 26. When the reset pulse goes low, and
the photodiode 1s activated to recerve light at the beginning of
the exposure time period, then a charge begins to build on C,
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and this charge 1s transferred to the feedback capacitor C.
because the reset switch 1s open. At the same time, the hold
pulse 1s low, and the hold switch i1s open, and no charge 1s
transterred to the holding capacitor C,.

Virtually immediately after the exposure time has begun,
for example, one clock cycle later, the hold pulse goes high,
and the hold switch 1s closed, thereby allowing the charge on
the feedback capacitor to transfer to the holding capacitor.
The charge accumulates on the holding capacitor for a few
more cycles until the hold pulse goes low, thereby 1solating
the holding capacitor. The ADC, as explained below, converts
the accumulated charge on the holding capacitor to a four-bit
reference signal, which represents the reset noise 1n the sys-
tem. The photodiode has not yet had suificient time to capture
light from the target symbol.

Thereupon, towards the end of the exposure time period,
for example, one clock cycle before the expiration, the hold
pulse goes high, and the hold switch 1s closed, thereby again
allowing all the charge stored on the capacitor C, to be trans-
terred to the feedback capacitor and, in turn, to the holding
capacitor C,,. At this time, the photodiode has had suificient
time to capture light from the target symbol. The ADC con-
verts this accumulated charge to an eight-bit data signal,
which represents the information 1n the symbol as well as the
reset noise. As explained below, the reference signal 1s sub-
tracted from the data signal to obtain a noise-suppressed
digitized output signal.

Finally, at the end of the exposure time, the reset pulse goes
high, and the reset switch 1s closed. This shorts out the feed-
back capacitor and, in effect, resets or prepares 1t to receive
charge when the reset pulse again goes low.

The clock cycles are generated from an off-chip master-
clock by a clock 28 also integrated on the chip. In the pre-
terred embodiment, the clock operates at 500 kHz; the expo-
sure time period varies from 30 us to 10 ms; and the hold
pulses stay high for a sampling time period on the order of 2
LS.

As seen 1 FIG. 3, two samplings are conducted during the
exposure time period. This real-time correlated double sam-
pling (CDS) technique suppresses the reset or KTC noise.
This 1s different from known CDS techniques where an ana-
log signal from a CCD array 1s applied to two separate hold
switches and to two separate holding capacitors.

The ADC 22, as shown 1n FIG. 4, 15 a single slope device,
and 1ncludes a capacitor 30 having a positive terminal con-
nected to the holding capacitor to recerve the reference signal
or the data signal, and a negative terminal connected to a
linear ramp generator 32 (see FI1G. 1) integrated on the chip.
An eight-bit counter 34 1s connected to a data input terminal
of the register 36 which 1s connected to an output of the
comparator. The comparator output controls the enable ter-
minal of the register.

In operation, the linear ramp generator 32 and the counter
34 are started at the same time. The ramp generator 32 gen-
crates a linear, single slope, ramp signal. When the compara-
tor 30 detects that the ramp signal reaches the input signal, the
register 36 latches the count value of the counter, which 1s the
digital representation of the analog input signal. Only four
bits (16 counts) are used for the reference signal, and eight
bits (256 counts) are used for the data signal. Preferably, the
ramp generator 15 a Gm-C integrator, and the counter 34 1s a
T flip-flop, synchronous counter.

FIG. 5 1s a circuit implementation of the comparator 30 and
includes a two-stage comparator having a differential input
stage and a single-ended gain stage with cross-coupled
bistable structure to eliminate chattering.
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The digital back end 14 includes, for each pixel, a memory
38, arow selector 40, and a controller 48. A twelve-bit storage
register 42, a twelve-bit butler 44, and a subtractor 46 are also
integrated on the chip and are shared by all the pixels.

The memory 38 1s preferably a twelve-bit register operat-
ing at 12 MHz for storing the eight-bit data signal and the
tour-bit reference signal. The row selector 40 includes a one-
bit shift register and a multiplexer both operating at 1 MHz.
The shift register selects one register at a time from the 512
registers from all the pixels, and then shifts the data off the
selected pixel. Alternatively, the pixel memories can be con-
nected to a common bus and multiplexed onto the bus. The
data shifted from the first selected pixel i1s stored in the
twelve-bit storage register 42, and then forwarded to the
butiler 44, and finally forwarded to the subtractor 46 to imple-
ment the CDS subtraction. In the meantime the next pixel 1s
selected for data read-out, storage and processing. The con-
troller 48 1s operatively connected to the circuitry on the chip
to control the timing among the various devices.

It will be understood that each of the elements described
above, or two or more together, also may {ind a useful appli-
cation in other types of constructions differing from the types
described above.

While the invention has been illustrated and described as
embodied 1n a single chip, noise-resistant, one-dimensional,
CMOS sensor for target imaging, it 1s not intended to be
limited to the details shown, since various modifications and
structural changes may be made without departing 1n any way
from the spirit of the present invention.

Without further analysis, the foregoing will so fully reveal
the gist of the present invention that others can, by applying
current knowledge, readily adapt 1t for various applications
without omitting features that, from the standpoint of prior
art, fairly constitute essential characteristics of the generic or
specific aspects of this invention and, therefore, such adapta-
tions should and are intended to be comprehended within the
meaning and range ol equivalence of the following claims.

What 1s claimed as new and desired to be protected by
Letters Patent 1s set forth 1n the appended claims.

We claim:

1. A system for imaging a one-dimensional coded symbol,
comprising:

a single, solid-state, complementary metal-oxide semicon-

ductor (CMOS) chip;

an analog front end integrated on the single chip and

including a linear array of pixels, each pixel having a
photodiode for converting incident light into an electri-
cal analog signal, and an analog-to-digital converter
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(ADC) for each photodiode and operative for converting,
the analog signal to an electrical digital signal, the front
end including noise suppression circuitry for each pixel,
the noise suppression circuitry including means for puls-
ing a respective photodiode to convert the incident light
to the analog signal during an exposure time period, and
means for sampling the analog signal after the exposure
time period has begun to generate a reference signal, and
for again sampling the analog signal before the exposure
time period has ended to generate a data signal; and

a digital back end integrated on the single chip and includ-

ing a digital processor for processing the digital signal
into a digitized output signal having information related
to the 1maged symbol.

2. The system of claim 1, and a clock for generating clock
cycles during system operation, and wherein the sampling
means generates the reference signal one clock cycle after the
exposure time period has begun, and generates the data signal
one clock cycle belfore the exposure time period has ended.

3. The system of claim 1, wherein the sampling means
includes a reset switch 1n parallel with a feedback capacitor,
and wherein the feedback capacitor 1s connected to the pho-
todiode, and wherein the reset switch 1s switchable between
an open state 1n which the analog signal from the photodiode
charges the feedback capacitor, and a closed state in which the
reset switch shorts the feedback capacitor.

4. The system of claim 3, wherein the sampling means
includes a hold switch 1n series with the feedback capacitor
and a hold capacitor, and wherein the hold switch 1s switch-
able between a closed state 1n which the charged feedback
capacitor charges the hold capacitor, and an open state 1n
which the charged feedback capacitor i1s blocked from the
hold capacitor.

5. The system of claim 4, wherein the ADC 1s operative for
converting the reference signal and the data signal into
respective multiple bit signals, and a subtractor integrated on
the single chip for subtracting the reference signal from the
data signal to obtain the digitized output signal.

6. The system of claim 1, wherein the analog front end
includes a high gain amplifier for amplitying the analog sig-
nal before reaching the ADC.

7. The system of claim 1, wherein the ADC 1includes a
comparator having one input for receiving the reference sig-
nal and the data signal, another input for recerving a ramp
signal, and an output connected to a register to which a
counter 1s connected.
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